We screened a phage display peptide library for peptidyl mimotopes of gibberellin against anti-bioactive gibberellin antibody. The peptides obtained were grouped into two homologous sequences and their binding to the antibody was put in competition with free GA 4 but not with GA 4 methylester, suggesting that the peptides behave as mimics of GA 4 . As an application, the phage display peptide was shown to work as a tracer for enzyme-linked immunosorbent assay (ELISA) analysis of GA 4 .
Phage display is a selection technique by which foreign peptides or proteins are expressed as a fusion with coat proteins of a bacteriophage resulting in display of the fused protein on the surface of the virion, while the nucleotide sequence encoding the fusion resides within the virion. Phage display has been used to create a physical link between a library of random peptide sequences and the DNA encoding each sequence, allowing rapid identification of peptide ligands against specific target molecules by a selection technique called panning. 1) Phage display libraries of random short peptides have been successfully used for identification of antigenic epitopes, and for screening of mimotopes by panning against antibodies and other receptor molecules.
2) Mimotope is a structure that acts as a mimic of the epitope recognized by an antibody. Because a compound with a similar tertiary structure to the epitope can work as a mimotope, peptidyl mimotopes can be prepared even to an epitope composed of non-peptidyl molecules. In this study, we tried to identify peptidyl mimotopes of bioactive gibberellins.
Gibberellins (GAs) are a large family of tetracyclic diterpenoid compounds. Through phenotypic analysis of mutants with reduced GA production or sensitivity, it has been found that bioactive GAs such as GA 1 and GA 4 play crucial roles in plant growth and development, including seed germination, leaf expansion, stem elongation, and flower and fruit development.
3) Despite considerable efforts, gibberellin receptors have not been identified. If a peptidyl mimotope of GA is available, it will provide useful probes for the study of the GA receptor, due to easy modifications such as biotinylation, photoaffinity labeling, and radio isotope labeling. It is unclear, however, whether any peptide can behave as a mimic of GA. In this study, we used anti-bioactive GA (GA 1 and GA 4 ) antibody (8E9) as a receptor for the panning experiment. This antibody specifically recognizes structures of GA, the 3--hydroxyl group, the 7-carboxyl group, the -lactone ring, etc., indispensable to bioactivity. 4, 5) Hence, it is a suitable model receptor to examine the possibility of GA mimotopes.
The phage display peptide library used here (Ph. D. -C7C, New England Biolabs) is based on a combinatorial library of random peptide 7-mers fused to a minor coat protein, p3, of the M13 phage. The randomized sequence is flanked by a pair of cysteine residues. Under nonreducing conditions the cysteines spontaneously form a disulfide cross-link, resulting in a phage display of cyclized peptides.
The peptide library was screened for phages with binding activity to 8E9 antibody. To adsorb phages which bind to 8E9 portions other than the GA binding site, the phage library was first incubated with 8E9 pretreated with GA 4 , and then the non-adsorbed phages were incubated with 8E9 with the free GA binding site. Two immunotubes (Nunc) were coated overnight at 4 C with 4-ml 8E9 solution in PBS (7 g/ml), one with 0.1 mM GA 4 and the other without. After blocking with 2% skim milk in PBS (2MPBS), the phage library with a 1:2 Â 10 9 diversity of peptides was added to the tube saturated with GA 4 and saturated for 30 min at ambient temperature with continuous rotation, and then left for a further 90 min. The phage solution was then added to the other tube, coated with 8E9 without GA 4 , and incubated as described above. After unbound phages were washed away, the bound phages were recovered with 1-ml triethylamine (100 mM) and the solution was neutralized y To whom correspondence should be addressed. Tel: +81-3-5841-5192; Fax: +81-3-5841-8025; E-mail: ayoshi@pgr1.ch.u-tokyo.ac.jp Abbreviations: AP, alkaline phosphatase; BSA, bovine serum albumin; ELISA, enzyme-linked immunosorbent assay; GA 4=1 , gibberellin A 4=1 ; HRP, horseradish peroxidase; NMR, nuclear magnetic resonance; PBS, phosphate-buffered saline (pH 7.4); pfu, plaque forming unit with 0.5-ml Tris-HCl (1 M, pH 7.4). The amount of eluted phages was estimated as plaque forming units (pfu). The phages recovered and amplified by infecting to E. coli were subjected to the next round of panning by the same procedures. After three rounds of panning, the recovered phage number increased dramatically (Fig. 1A) . Six independent clones were examined for binding activity with 8E9 by ELISA. The wells of a microtiter plate were coated with 100-l 8E9 antibody dissolved in PBS (7 g/ml) and incubated overnight at 4 C. After blocking wells with 2MPBS (200 l/well) for 2 h, 100-l phage solution in 2MPBS (1 Â 10 14 pfu) with or without a competitor, free GA 4 (0.1 M) or GA 4 methylester (0.1 M), was added and incubated for 1.5 h. After washing, 100-l horseradish peroxidase (HRP)-labeled anti-M13 phage antibody (Pharmacia, diluted 5,000 times with 2MPBS) was added and incubated for 1.5 h. Bound peroxidase activity was measured by adding to each well a substrate solution (100 l/well) containing 3,3 0 ,5,5 0 -tetramethylbenzidine at 100 g/ml. After incubating for 10 min, the reaction was stopped by the addition of 1 M H 2 SO 4 (50 l/well). Peroxidase activity was evaluated by the difference between UV absorbance at 630 nm and 450 nm (A 450 -A 630 ). As shown in Fig. 1B , all clones showed binding activity, and the binding was inhibited by excess GA 4 . Sequences of these clones indicated that these phages present two kinds of homologous peptides with two different successive amino acids in the middle of the peptides, CLPWSDGPC for five clones, and CLPWGTGPC for one clone (Fig. 1C) . Random sequencing of other clones after the third panning without confirming the binding activity indicated that most of the clones were composed of phages displaying these two peptides, indicating that the panning procedure significantly enriched these two clones by their binding affinity to the 8E9 antibody. For these amino acids, we designated the peptides SD and GT. Both peptides were composed mostly of hydrophobic amino acid residues. In addition to the disulfide bond, two proline residues were likely to increase the rigidity of the peptide rings. The binding of phages was not inhibited by excess GA 4 methylester (0.1 M), which is not reactive with 8E9 antibody (Fig. 2) , 4) suggesting that the binding of the peptides is tightly related to the binding property of the antibody to its antigen. Hence it is highly probable that these peptides are mimotopes of GA 4 . It is still possible, however, that the inhibition of binding by GA 4 is not an antagonistic effect but an allosteric one, that is, that GA 4 and the phage-displayed peptides interact with different sites of the antibody and the binding of GA 4 lowers the affinity of the antibody to the peptides. Whether or not these peptides are real mimotopes can be clarified by determining the peptide conformation by means of NMR or X-ray diffraction analysis.
As one application of the peptides, we examined the possibility of using one of the peptides (GT) displayed on phages as a tracer for ELISA for measuring GA 4 . To optimize the sensitivity of quantitation, we examined the concentration of 8E9 antibody for coating, and the amount of the input phages as a tracer. With a constant concentration of 8E9 (68 g/ml), the input phage amount varied. In general, the lower the amount of input phage, the higher the sensitivity becomes, but at the sacrifice of stability of quantitation. Hence 2:5 Â 10 8 pfu/well was adopted here, under which condition UV absorbance (about 0.2) was high enough for reproducible quantitation. Next, with a fixed amount of phage, the concentration of 8E9 was varied to determine the concentration that yields efficient competition between phage and free GA 4 against 8E9. The amount of bound phages changed clearly in a range between 17 and 136 g/ml of coating antibody (Fig. 3B) . The 8E9 concentration was determined to be 34 g/ml, which captured about 50% of the input phage. Under the conditions determined, binding of phages was put in competition with various concentrations of GA 4 . Hence, the amount of GA 4 from 0.19 to 1.5 ng/well could be estimated as a competitor of the phage (Fig. 3C) . The results indicate that the phage displaying GT peptide can be used as a tracer for ELISA. Because the 8E9 antibody was raised against GA 4 conjugated with BSA, it shows much higher affinity to the immunogen than to free GA 4 , probably because the antibody recognizes the linker portion used for conjugation with proteins as well as GA moiety. Thus the 8E9 antibody has not been successfully used for ELISA in which BSA-GA 4 is used as a coating antigen and the free GA 4 concentration is measured by its inhibitory effect on the binding of 8E9 to BSA-GA 4 . The phage displaying GT peptide enabled us to quantify GA 4 with 8E9 at relatively high sensitivity for the first time in the ELISA system. Unfortunately, the synthetic peptide of neither GT nor SD showed biological activity as a GA mimic foramylase induction in barley aleurone tissue or shoot elongation in dwarf rice (Tan-ginbozu) seedlings (data not shown). This indicates that these peptides do not behave as mimotopes for GA receptors, despite the possibility that the peptide applied did not reach the receptor site in the tissues used. NMR spectroscopic analysis of the peptides to determine the conformation and an epitope for 8E9 is in progress. This information might aid efforts to modify the peptides to be biological mimics of bioactive GAs. 
